Abstract Flow structure of premixed propane-air swirling jet flames at various combustion regimes was studied experimentally by stereo PIV, CH* chemiluminescence imaging, and pressure probe. For the non-swirling conditions, a nonlinear feedback mechanism of the flame front interaction with ring-like vortices, developing in the jet shear layer, was found to play important role in the stabilisation of the premixed lifted flame. For the studied swirl rates (S = 0.41, 0.7, and 1.0) the determined domain of stable combustion can be divided into three main groups of flame types: attached flames, quasi-tubular flames, and lifted flames. These regimes were studied in details for the case of S = 1.0, and the difference in the flow structure of the vortex breakdown is described. For the quasi-tubular flames an increase of flow precessing above the recirculation zone was observed when increased the stoichiometric coefficient from 0.7 to 1.4. This precessing motion was supposed to be responsible for the observed increase of acoustic noise generation and could drive the transition from the quasi-tubular to the lifted flame regime.
Introduction
Starting from early works by [7, 25] and others, the structure and stability of an open non-swirling (Bunsen) hydrocarbon jet flame has been comprehensively studied for a wide range of inlet velocities and fuel-air ratios. It is well known that a Bunsen (attached) flame can be stabilised between two limiting values of the flow rate. The lower value is a flashback limit, below which the flame propagation speed exceeds the local flow velocity and the flame flashes back inside the burner. The upper value is a lift-off limit above which the flame can no longer anchor itself to the lip of the burner rim and it could be blown away by the upstream flow or localised at a certain distance from the burner as a lifted (suspended) flame. [25] showed that these limits are connected with the velocity gradient near the wall of the burner. At present, much work has been devoted to experimental, theoretical and numerical studies of the lifted flame stabilisation mechanism. Many of these works include comprehensive studies by non-intrusive optical methods and numerical simulations by advanced CFD codes [18, 29, 34] . One of the models describing lifted flame stabilisation assumes that the leading edge of the flame is on average situated where the local axial velocity is equal to the turbulent propagation speed of the flame and the mean equivalence ratio is close to the stoichiometric value [21, 37] . Several papers [11] have also reported an important role for large-scale vortices in the lifted flame stabilisation that has been confirmed by the lifted flame response when the development of the vortices is externally forced [5] .
In practice, modern combustion devices utilise lean premixed flames to achieve a low level of NOx emissions. Thus, the application of a relatively strong swirl with the corresponding appearance of vortex breakdown with a recirculation zone is usually used to provide stable lean combustion at a wide range of flow rates. Intensive turbulent fluctuations, typical for the vortex breakdown, and the (quite common) precession of the vortex core increase the flame stabilisation due to a high turbulent mixing rate of the fresh and burnt gases in the back-flow region [4, 33] . These effects allow maintenance of the combustion under rather lean conditions. However, even for the isothermal swirling jets, substantially different flow regimes can be observed, depending on the swirl rate and the manner in which the swirl is applied ([6, 26] , among others). It has been widely acknowledged by many authors that Kelvin-Helmholtz instability leading to vortex ring formation dominates in the shear layer of non-swirling and weakly swirling jets. For a sufficiently high swirl rate (but before the appearance of a pronounced vortex breakdown), strong helical waves dominate the mixing layer of the jet. A further increase in the swirl rate leads to the breakdown of the swirling jets' vortex core, which has been observed in different states [1] , including spiral, bubble, and conical, where the latter two can be either symmetric or asymmetric [6] . From studies using 2D and quasi 3D velocity fields measured by Particle Tracking Velocimetry (PTV) and scanning PTV, described in [9, 10] , respectively, it can be postulated that the spiral-type vortex breakdown in a swirling flow after its expansion can be interpreted as a bubbletype breakdown with a precessing vortex core. From a number of experimental, theoretical and numerical studies of the criterion for the vortex breakdown, it can be inferred that the breakdown usually appears in a jet flow when the integral swirl rate S (defined as the ratio of the axial flux of angular momentum to the product of the axial flux of axial momentum and the radius) exceeds a critical value in the range of
